This study evaluated the accuracy of cone beam computed tomography (CBCT) measurements using post-surgical, implant placement, CBCT images by measuring the length and width of implants on CBCT images and comparing these measurements to the actual sizes of the implants, as well as investigated critical anatomical structure injuries after using CBCT for planning. Ninety-six post-operative CBCT scans of 171 dental implants, placed between October 2012 and March 2015, were included in the study. Each implant was measured on the CBCT images for both diameter and length, using the measuring tool in the CBCT software. The measured values were compared with the actual implant diameters and lengths and calculated as a percentage of error. The mean percentage of error was 2.26%. There were no significant differences in percentage of error between implant size, implant diameters, implant positions, upper jaw, lower jaw, anterior area, or posterior area (p>0.05). Anatomical structure injuries were not found post-operatively. The accuracy of CBCT used for measurement in this study was 97.74%, and comparable to that reported for other commercial CBCT machines. The use of CBCT for implant planning can avoid anatomical structure injuries.
INTRODUCTION
Dentistry is increasingly using cone beam computed tomography (CBCT), including in implant dentistry (Tyndall et al., 2012; Gupta and Ali, 2013; Bornstein et al., 2014) , endodontics (Lofthag-Hansen et al., 2007; Patel, 2009; Janner et al., 2011) , oral and maxillofacial surgery (Alamri et al., 2012) , periodontics (Walter et al., 2009; De Faria Vasconcelos et al., 2012) , orthodontics (Van Vlijmen et al., 2012; Machado, 2015) , and temporomandibular joint disorders (Alamri et al., 2012) .
One benefit of using CBCT is the ability to thoroughly inspect the hard tissues of interest in three dimensions. CBCT overcomes the limitations of 2-D The purposes of this study were to evaluate: 1) the accuracy of measurement of implant length and diameter on post-operative CBCT images from a CBCT machine (Dentiiscan, National Science and Technology Development Agency, Bangkok, Thailand) by using CBCT software (Dentiplan, National Science and Technology Development Agency, Bangkok, Thailand) and 2) the incidence of critical anatomical structure injury from implant surgical placement after using CBCT for planning.
MATERIALS AND METHODS

Study sample
Ninety-six post-operative CBCT scans (51 women and 45 men, mean age 52.5 years, ranging from 20 to 75 years) recorded between October 2012 and March 2015 at the Center of Excellence for Implantology, Chiang Mai University, Thailand using a Dentiiscan machine (NSTDA, Bangkok, Thailand) were used in this study. All ninety-six patients had pre-and post-operative CBCT scans for treatment planning and evaluating post-operative injury to vital structure. The CBCT device used a tube voltage setting of 90 kV, pulses of 6 mA, a scan time of 18 seconds, a maximum FOV of 160 x130 mm, and a voxel size of 0.4 mm. Data from the CBCT were exported in DICOM format.
A total of 171 implants were evaluated (one patient could have more than one implant). CBCT scans showed PW+ implants (PW+, Bangkok, Thailand) of various sizes -3.30 mm (N=5), 3.75 mm (N=52), 4.2 mm (N=59), and 5.0 mm (N=55) -and various lengths -8.0 mm (N=8), 10.0 mm (N=86), 12.0 mm (N=72), and 14.0 mm (N=5) ( Table 1) , each covered with a cover screw or healing cap.
CBCT measurement
CBCT data were analyzed using Dentiplan Version 2.9 (NSTDA, Bangkok, Thailand), software for Dentiiscan, and displayed on an LCD 21" screen (ACER NVIDIA G FORCE, GTX 570) at a resolution of 1600 x 900 pixels and a greyscale of 11 bits (2048 shades of grey) in a dark room.
All measurements were made once by a trained observer with 3-years experience in implant dentistry who was not allowed to know the real sizes of the implants in advance. A pilot study was conducted to define the intra-observer reliability of the observer. The observer repeated the measurements three times, in iterations two and four weeks after the first measurement, and an intra-class correlation coefficient was calculated from the mean of the three measurements. All data were measured in the cross-sectional CBCT images using the linear measurement tool. The magnification settings were adjusted to fit the size of the screen for optimal display. A horizontal straight line was drawn using the measurement tool in Dentiiscan, from the most superior point on one edge of the implant to the corresponding point on the opposite edge of the same implant. The vertical distance was similarly measured between the mid-point of the horizontal tangent to the most radiopaque tip of the implant (Figure 1 ).
Descriptive statistics were calculated using Excel 2010 (Microsoft, Redmond, WA, USA). Statistical analysis was performed using SPSS ® v. 17 (SPSS, Chicago, IL). The data were normally distributed, and the Student t-test was used to compare the measurements of the implants in CBCT and their real sizes; bivariate correlation was used to find the correlation between implant measurement errors and their real sizes, both data presented as mean and standard deviation. Differences were considered significant at p < 0.05. The average of three measurements from CBCT compared to the real size of the implants using the intra-class correlation coefficient (ICC) was used to investigate intra-examiner reproducibility.
RESULTS
The intraclass correlation coefficients (ICC) for the measurements were 0.946 for diameter and 0.984 for length, demonstrating good reproducibility within the observer.
The mean value and the standard deviation of the differences between radiological measurements and the real 171 implant sizes were 0.24 mm (SD ± 0.14) for diameter and 0.25 mm (SD ± 0.16) for length ( Table 2 ). The ranges of percentage of measurement deviation were 0-6% for diameter and 0-6% for length. The means and standard deviation error percentages were 2.21% (SD ± 1.33) for diameter and 2.31 (SD ± 1.55) for length. The error percentages were then cal- Figure 1 . Implant measurement in cross-sectional CBCT using Dentiplan Version 2.9 (NSTDA, Bangkok, Thailand).
➔ culated back to the accuracy of the measurement; the accuracy of measurements for diameter and length were 97.79% and 97.69%, respectively. The radiological measurements were mostly overestimated compared to the real implant sizes. The errors of measurement were not significantly different between the maxilla and mandible (p = 0.992 for diameter and 0.258 for length) (Table 3) , nor between the anterior and posterior region (p = 0.561 for diameter and p = 0.803 for length) (Table 4) . A correlation was not found between implant diameter and percentage of diameter measurement error (p=0.293), nor between implant length and percentage of length measurement error (p=0.12). (Figures 2 and 3) Moreover, this study showed no vital anatomical structures, such as inferior alveolar nerve or maxillary sinus injuries, in 96 post-operative CBCT images. Real Length DISCUSSION CBCT in dental implant treatment is a necessary tool for implant positioning and placement planning (Bornstein et al., 2014) . A systematic review of guidelines for using CBCT has indicated that the need for specific imaging should be based on clinical presentation and professional judgment to gain information for implant treatment planning (Tyndall et al., 2012; Bornstein et al., 2014) . Some reports describe using CBCT for pre-and/or post-operative assessment for dental implant treatment (Bornstein et al., 2014) . In our dental implant clinic, we use CBCT for both pre-and post-operative dental implant treatment. Post-operative CBCT following implant surgery can help ensure that the implant is placed correctly relative to critical anatomical structures, such as the inferior alveolar nerve. The use of CBCT post-operatively is of concern, because of the need to minimize patient exposure to radiation (Harris et al., 2012) . The guidelines on using CBCT in implant dentistry are still being developed. The American Academy of Oral and Maxillofacial Radiology guidelines for using CBCT in dentistry state that conventional cross-sectional tomography is the method of choice for gaining the most information for most patients receiving implants (Tyndall et al., 2012) . However, a systematic review of CBCT in implant dentistry stated that there is a clear need for guidelines that provide strong statements based on a rigorous methodological review of the evidence (Bornstein et al., 2014) .
The accuracy of CBCT together with the software used for analysis is crucial for surgical planning in dental implantology. Many studies related to the accuracy of linear measurements have been published (Kobayashi et al., 2004; Lascala et al., 2004; Misch et al., 2006; Ludlow et al., 2007; Lund et al., 2009; Razavi et al., 2010; Harris et al., 2012) . A study in cadaver mandibles by Suomalainen et al. (2008) to measure the accuracy of a CBCT showed an average measurement error of 2.3-4.7%. They also found that the measurement accuracy in mandibles with soft tissue immersed in sucrose solution was greater than that in dry mandibles. Another study, also in cadaver mandibles, which compared measurement of mandible height and width using CBCT with histological data, reported a maximum difference of 0.33 mm (SD ± 0.34). Cortical thickness measurements, especially, were significantly greater on CBCT images (p < 0.006) (Gerlach et al., 2013) . Another study using CBCT measured the distance between the alveolar crest and mandibular canal, and reported a range of error of -1.5-0.8 mm (Pertl et al., 2013) . All of those studies used different CBCT machines from different manufacturers. Mohamad Amin et al. (2013) compared measurement of real implant length and implant length from CBCT and found no significant difference, with similar average error for measurements as our study. Their study was smaller (11 patients / 47 implants), did not measure diameter, and used different software.
From our study, the results showed the average error for measurement of implants was 2.21% for implant diameter and 2.31% for implant length. Moreover, there was no significant difference for both diameter and length measurement error compared to the real sizes (p = 0.293 for diameter and p = 0.12 for length). A correlation was not found between implant length and diameter and percentage of length and diameter measurement errors.
Several factors affect the accuracy of measurement with CBCT, such as the thickness of soft tissue, thickness of cortical bone, and voxel (thickness of bone slide). Spin-Neto et al., 2013; Wood et al., 2013) . Patient movement during CBCT exposure leads to image distortion, which may affect measurement accuracy. Bone thickness may also affect measurement accuracy. Razavi et al. (2010) compared implant size measurement at varying distances from the cortical bone and found that some CBCT machines may not produce sufficient resolution of the thin cortical bone adjacent to dental implants. Moreover, metal artifacts can reduce the visibility of bone and soft tissue and result in inaccurate assessment of peri-implant regions. In our in vivo study, there were no significant differences between the average measurement errors of implant positions or implant sizes.
Injuries to critical anatomical structures during the implant surgery, such as inferior alveolar nerve injury and perforations of the maxillary sinus, are considered severe intra-operative complications. Using CBCT can avoid such serious complications. 3D planning in implant dentistry is increasingly accepted as a requirement to prevent such complications (BouSerhal et al., 2002; Bornstein et al., 2014) . The measurement error of our Dentiiscan machine is less than 0.5 mm, within the recommended 2-mm safety zone between implant and crucial anatomical structures (Misch and Crawford, 1990; Greenstein and Tarnow, 2006; Misch and Wang, 2008) . Our study results showed no injury to critical anatomical structures.
Our ICC was close to 1, indicating good reliability of the observer (Eldridge, 2009) . However, metal artifacts may affect the accuracy of measurement in this study and might be the cause of over-measurement of the implants seen in CBCT.
CONCLUSIONS
This study showed no significant differences of measurement errors between measured values and the actual sizes in the various positions and sizes of implants. The accuracy of images produced by the Dentiiscan CBCT machine was 97.79% for diameter and 97.69% for length. There were no anatomical injury complications during implant placement in all cases with pre-operative CBCT at the Centre of Excellence for Implantology, Chiang Mai University, Thailand. We have proven that Dentiiscan is a reliable diagnostic tool in implant treatment planning.
